Ti matrix composites reinforced with 0.6 wt.% reduced graphene oxide (rGO) sheets were fabricated using spark plasma sintering (SPS) technology at different sintering temperatures from 800 o C to 1100 o C. Effects of SPS sintering temperature on microstructural evolution and mechanical properties of rGO/Ti composites were studied. Results showed that with an increase in the sintering temperature, the relative density and densification of the composites were improved. The Ti grains were apparently refined owing to the presence of rGO. The optimum sintering temperature 
Abstract:
Ti matrix composites reinforced with 0.6 wt.% reduced graphene oxide (rGO) sheets were fabricated using spark plasma sintering (SPS) technology at different sintering temperatures from 800 o C to 1100 o C. Effects of SPS sintering temperature on microstructural evolution and mechanical properties of rGO/Ti composites were studied. Results showed that with an increase in the sintering temperature, the relative density and densification of the composites were improved. The Ti grains were apparently refined owing to the presence of rGO. The optimum sintering temperature 4 strength of Ti matrix composites with these CNTs were improved by 40.4% and 11.4%, respectively, [23] .
So far very few papers have reported the synthesis of graphene/Ti composites.
Mu et al. discovered that an ultimate tensile strength of 887 MPa was achieved for 0.1wt.% graphene-Ti matrix composites via powder metallurgy and subsequent hot-rolling, and the strength of the composites was 54.2% higher than that of pure Ti [24] [25] . Zhang et al. reported that 7.0wt.% TiC incorporated Ti matrix composites exhibited an outstanding ultimate compressive strength of 2.64 GPa and a yield strength of 1.93 GPa at room temperature, which were fabricated through reactions of graphene and Ti mixture powders using the SPS [26] . However, rather limited data are currently available on the effect of SPS temperature on the microstructures and properties of the Ti matrix composites reinforced with graphene or its related materials, but it is well-known that the sintering temperature has a significant influence on the densification behaviors, microstructural evolution and properties enhancement of matrix composites.
Therefore, the objective of this work is to investigate the microstructural evolution and mechanical properties of Ti matrix composites reinforced with rGO additives prepared using the SPS method at different sintering temperatures (i.e. 800 properties after sintering at different temperatures were studied, and the strengthening sintering mechanism was discussed based on theoretical analysis.
Experimental procedure

Materials
Graphene oxide (GO) was purchased from Western Superconducting Technologies Co., Ltd., China. Fig. 1(a) is an SEM image of the GO which shows a crumpled sheet structure. Pure spherical Ti powder (with purity＞99.9% and a mean diameter of ~150 μm), as shown in Fig. 1(b) , was used as the matrix materials. The image reveals that there is no agglomeration of Ti powder particles and they are spherical in shape.
Synthesis of rGO/Ti composites
In our proposed synthesis method, there were six key steps to fabricate the rGO/Ti composites based on the powder metallurgy route. (a) GO powders were added into pure water and ultrasonicated for about 30 min until they become a homogeneous brown solution, indicating that the GO was uniformly dispersed into pure water. (b) Pure Ti powders were added into GO solution, and mechanically stirred for 30 min to obtain a mixture slurry. (c) The mixture slurry was completely dried using vacuum oven. After fully dried the GO/Ti mixed powders were obtained. 
Characterization
In order to characterize the presence and nature of the rGO in sintered composites, a Raman spectrometer (HR Evolution) was used, with a He-Ne laser (633 nm) operated with a power of 17 mW and a detector with 4 cm -1 from Kaiser Optical System (France). The scan range of the laser beam was from 500~3000 cm -1 at room temperature. The morphology investigations of rGO/Ti mixed powders and sintered composites were performed using a scanning electron microscope (SEM, JEOL JSM-6700F). Microstructural and phase changes of samples were investigated using an optical microscope (OM, Axio Vert A1, ZEISS) and X-ray diffractometer (XRD, Bruker D8 ADVANCE), respectively.
Hardness of samples was measured using a Vickers hardness tester (MVS-1000IMT2), with the applied load of 200 g and a holding time of 10 s. Each sample was measured at least 10 indentations to obtain an average value. The Vickers microhardness value was calculated using the following equation:
in which P is the applied load (N) and d is the diagonal length of the indentation (mm).
The compressive/tensile tests were carried out at room temperature using an MTS810 universal testing machine with a strain rate of 1×10 -3 s -1 . At least three measurements were performed to acquire an average value. The tensile fracture surface morphologies and composition were characterized using the SEM equipped with an energy dispersive X-ray spectroscope (EDS). Fig. 3 shows the schematic diagram and macrophotograph of tensile samples, respectively.
Results and discussion
Mixed powders
SEM micrographs of GO/Ti composite powders are displayed in Fig. 4 . The GO was effectively absorbed on the surfaces of spherical Ti powders, as shown in Fig.   4 (a). Also, agglomeration of the GO was also observed, as shown in the red rectangle marked in Fig. (a) . Fig. 4(b) is an enlarged view of this area, which suggests that the transparent and crumpled structure of the GO was not obvious, revealing that most of the GO sheets are attached to the surface of Ti matrix powders. The migration rate during the sintering can be expressed as follows [27] :
Microstructures of sintered rGO/Ti composites
in which ε is the migration rate, t is the time (s), A is the constant, φ is the diffusion exponen, μ is the shear modulus, b is the Burgers vector, K is the boltzmann constant
J/K), T is the sintering temperature (K), G is the grain size (nm), σ is the microscopic stress (MPa), P is the grain size exponent, n is the effective stress.
Generally, the migration of materials during SPS is similar with that of during high-temperature sintering, so the kinetics equation of SPS process can be written as [28] :
in which D is instantaneous relative density (%), B is the constant, σ eff is instantaneous compressive stress (MPa), and μ eff is instantaneous shear stress (MPa).
According to Ashby [29] , the instantaneous compressive stress can be shown as:
in which σ mac is the 45MPa, D 0 is the relative density (40%).
The Young's modulus of porous material can be calculated according Eq. (5) 10 0 th
where E eff is actual Young's modulus (GPa), E th is Young's modulus the theoretical dense material (GPa), p=1-D is the actual porosity (%), P 0 = 1-D 0 original porosity (%). μ eff can be expressed using Eq. (6):
According to Eqs. (2)~(6), the kinetics equations of SPS process can then be further expressed as:
in which K is the constant, R is the gas constant (8.314 J/mol· K), Q d is the activation energy of surface diffusion (J). We assumed that Y= ) d kJ/mol and -157.75 kJ/mol, respectively. It can be concluded that the TiC particles were in-situ formed during SPS. Significant enhancement of mechanical properties of metal matrix composites was reported after they were reinforced with TiC [34] [35] [36] . 12 For example, Jeyasimman et al. found that the hardness of Al matrix composites reinforced with 2 wt.% TiC particles was 1180 MPa, which was four times higher than that of pure Al6061 [37] . The rGO diffraction peaks were not detected in experiments owing to the lower content of the rGO in the composites. Notably, the intensities of the Ti peaks in the rGO/Ti composites sintered at different temperatures are all broader and weaker than those of the pure Ti, mainly owing to the grain refinement effect after adding the rGO.
In order to further characterize the existence of rGO in the composites, Raman spectroscopy was conducted and the obtained spectra of the composites sintered at different temperatures with the scanning size of 60×60 μm 2 are shown in Fig. 10 . In
Raman mapping results, the brighter the color, the stronger the reduced graphene oxide signal [38] . It can be concluded that the rGO contents in composites increase with an increasing SPS temperature. However, in Fig. 10(d) , the rGO signal is extremely feeble in Raman mapping, which would means lots of rGO react with Ti matrix, which further validates the previous analysis (Fig. 6) . Fig. 10(e) is the Raman spectra of point a, b, c, and d which is one of the four mapping region, respectively.
Generally, the D band in carbon materials is associated with the signal of the defects introduced in the structure, whereas the G band is associated with the degree of graphitization, and the ratio of I D /I G reveals the structural defects and sizes of graphene materials. As shown in Fig. 10 suggests that the graphene structure has been degraded. However, the broad 2D band at 2680 cm -1 for Ti-1000-0.6C sample is clearly observed in Fig. 10 , implying that the GO was reduced at 1100 o C and there are still remained intact reduced graphene structures in the rGO/Ti composites. To our knowledge, the existence of 2D peak is often used to confirm the presence of graphene and determine the number of graphene layers. For a single layered graphene, the 2D peak is quite narrow and relatively sharp, however it becomes broadened and displays peak-splitting with an increase in the number of graphene layers [39] . The rGO in this work clearly are multiple layer structures after the SPS. However, the intensity of 2D peak of the sample of Ti-1000-0.6C is much higher than those of others, suggesting that the structure of rGO is still retained in the sintered composites of the Ti-1000-0.6C after SPS. mode with a feature of quasi-cleavage is observed, which is corresponding to a high toughness value for the Ti-1100-0.6C composites (in Fig. 12(c) ). Further observation in Fig. 13(d) reveals the presence of pull-out of the TiC phase (determined by the EDS results in Fig. 13(e) ), showing the trans-granular fracture phenomenon. The presence of TiC particles is actually beneficial for the further improvement of mechanical properties for the composites [40] . This is consistent with the analysis and conclusions obtained in Section 3.3.
Mechanical properties of sintered rGO/Ti composites
Conclusions
Ti matrix composites containing 0.6 wt.% rGO sheets were successfully prepared using the SPS at various sintering temperatures. The effects of SPS sintering temperature on the microstructure and mechanical properties of rGO/Ti composites 16 were studied in this work. The following conclusions can be obtained:
(1) With an increase in the sintering temperature, the relative density and densification were improved, and the Ti grains were refined owing to the presence of rGO. However, the optimum sintering temperature was 1000 o C for 5 min under 45
MPa in a vacuum, and the structure of rGO can be retained. The reaction between Ti matrix and rGO has occurred, forming micro/nano TiC particle uniformly dispersed in the rGO/Ti composites at the high sintering temperature of 1000 o C. MPa and 446 MPa, respectively, which were higher at 24.5%, 12.9% and 11.5%, respectively, as compared to those of the composites sintered at the temperature of 
